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A Flush-Mounted Dual-Axis
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Abstract—This paper presents the fabrication, packaging, and
calibration of a flush-mounted, dual-axis, differential capacitive
wall shear stress sensor. The two-mask fabrication process
produces a 7-mm die with a 2-mm by 2-mm floating element
supported by eight, compliant crab-leg tethers. Taking advantage
of backside wire bonds, the hydraulically smooth package is
suitable for wind tunnel testing and is designed to have a resonant
frequency of 3.7 kHz. Initial dynamic calibration data are pre-
sented osing both single-ended and fully-differential electronics,
with sensitivities as high as 80 mV/Pa and minimum detectable
wiall shear stress valoes as low as 10 _u.l"a.i'Hz”z, resulting in
dynamic ranges near 135 dB. [2020-0175]

Index Terms— Acoustic plane wave tube, backside wire
bonds, capacitive transduction, crab-leg tethers, fully-differential
biasing, single-ended biasing, wall shear stress.

I. INTRODUCTION

HE measurement of wall shear siress is a critical compo-
nent of understanding complex flow phenomena, includ-
ing flow separation, viscous drag, and boundary layer physics.
Indirect sensors, including those determining wall shear stress
based on heat flux or pressure gradients, have provided exper-
imental information on wall shear stress but require empirical
relationships and assumptions that may be invalid, particularly
in unknown, three-dimensional flow environments [1], [2].
Direct sensors, such as the one presented in this manuscript,
are a solution to making continuous vector measurements
of wall shear stress by providing voltage outputs that are
calibrated against a known wall shear stress.
Significant progress has been made in the field of one-
dimensional, direct wall shear stress sensors, including those
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of a differential, capacitive nature [3], [4]. These improve-
ments in shear stress sensing technology have provided insight
into turbulent boundary layers and may have implications in
flow control applications [5], [6]. In general, these transduc-
ers are restricted to one measurement axis, and the devel-
opment of a dual-axis sensor has been limited. In 2003,
Tseng and Lin [7] developed a two-axis optical device that
takes advantage of Fabry-Perot interferometry. The waterproof
sensor showed a minimum detectable signal of 65 mPa for
a spectrometer resolution of 0.1 nm. Despite its ability to
measure two-dimensional wall shear stress signals in both
water and air, ils sensitivity to temperature and vibrations
may prove problematic during wind tunnel testing. Later,
Adcock et al [8] fabricated a two-axis pimbal structure
that incorporated piezoresistors into torsional hinges. Prelim-
inary results demonstrated minimal temperature sensitivity
but did mot include AC calibration data. Barnard ef al. [9]
continued research in the field by producing the firsi-ever
dual-axis capacitive shear stress sensor; however, this device
was produced as a proof-of-concept and was not suitable for
wind-tunnel testing, as it featured frontside wire bonds and
a printed-circuit-board (PCB) package. These frontside wire
bonds intruded into the flow field, potentially violating the
assumption of hydraulic smoothness, and the PCB package
was large and allowed for excess drift and noise in the output
signal. Additionally, the sensor structure was asymmetric,
leading to an increase of parasitic capacitance and a decrease
in sensor sensitivity.

Freidkes ef al. [10] improved the sensor by Barnard ef al.
by redesigning the sensor die to be symmetric, incorporating
backside wire bonds to produce a flusher surface, and utilizing
a package similar to the one-dimensional device created by
Mills ef al. [4], [11]. The resulting device, however, was
slightly tilted in the package, causing a 50-pm step that
favored the sensitivity of one sensing direction over the other.
More recently, Mills ef al. [12] improved on this package and
discussed the advantages and disadvantages of various circuit
topologies. This paper focuses on the fabrication, packaging,
and calibration results for a similar device with crab-leg
tethers and compares the results of both single-ended and
fully-differential interface circuit schemes.

Il. SENSOR STRUCTURE

An illustration of the sensor is shown in Fig. 1. A floating
element, supported by eight identical crab-leg tethers, deflects
in response to an incident wall shear stress. Interdigitated

1057-7157 @ 2020 IEEE. Personal use 1s permitted, but republication/redistribution requires IEEE permission.
See hitps2Ferww.icee. org’publications/mightsindex html for more information.

Authorized censed use limited to: University of Florida. Downloaded on April 16,2021 at 21:16:24 UTC from [EEE Xplore. Resirictions apply.



FREIDKES ef al.: FLUSH-MOUNTED, VOL. 29, NO. 5, OCTOBER 2020 DUAL-AXIS WALL SHEAR STRESS SENSOR 49

Floating
Element

Fig. 1.
the fixed electrodes, the crab-leg tethers, and the variable-gap capacitors.

Vi

Fig. 2. Singleended circoit schematic with a voltage amplifier. The four
static electrodes are cach Mased and the output is taken from the floating
element.

comb fingers between the floating element and four fixed
electrodes form variable-gap capacitors that change depending
on the direction of the wall shear stress vector. The sensor
is designed to be differential, i.e., when the floating element
deflects, the gaps on one side of the element will shrink while
the gaps on the opposing side grow. Such a design improves
common-mode rejection, e.g., normal pressure, and overall
device sensitivity.

The interface circuitry associated with this sensor die
is grouped into two categories: single-ended versus fully-
differential. For the single-ended case, shown in Fig. 2 with
a voltage amplifier, high-frequency sine waves bias the four
fixed electrodes and the output is tied to the Aoating element.
For one axis, a 900 kHz sine wave and its 180" complement
bias the elecirodes (respectively depicted as V4 and V;_)
while the second axis features the same biasing but at a
frequency of | MHz. A bias resistor is present to establish
a DC operating point and to prevent amplifier saturation.

The fully-differential case, shown in Fig. 3, biases the
floating element at a single frequency while providing outputs
from the four fixed electrodes. These two pairs of outputs
are ultimately fed into fully-differential amplifiers to remove
common-mode signals, such as normal pressure or power
line noise. Due to the high output impedance of the sensor,
the voltage output for both cases requires buffering close to
the sensor head to minimize signal degradation associated

llustration of the sensor structure, with emphasis on the biasing of

—V sens+, |
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Fig. 3. Fully-differential circuit schematic with charge amplifiers. The
floating element s biased, and each static electrode creates an output that
is buffered in a charge amplifier and then tied to a fully-differential amplifier.

with transmission. This is accomplished by using either a
voltage amplifier (shown in Fig. 2) or several charee amplifiers
{shown in Fig. 3). More detail on these biasing schemes and
the synchronous modulation/demodulation (SMOD/DMOD)
process used to measure both AC and DC wall shear stress
is presented by Mills et al. [12] and is omitted here.

The device discussed in this paper features crab-leg tethers,
as shown in the top left corner of Fig. 1. Previous work
[10], [12] uvtilized serpentine tethers due to their success in
accelerometers [13] and the ability to easily alter resonance
targets by changing the number of meanders. Additionally,
the serpentine tethers may achieve the same stiffness in a
smaller footprint compared to crab-leg flexures. Despite the
benefits of serpentine tethers, preliminary simulation resulis
indicate that sensors with this flexure geometry are more
sensitive to normal pressure than ones with crab-leg tethers.
This is very important for measuring wall shear siress con-
sidering that normal pressure may produce extraneous outputs
or cause the floating element to no longer be Aush with the
boundary.

Mechanical coupling between axes is minimized with the
new tether structure by designing the die to be symmetric with
eight tethers. Despite this, coupling between the axes will still
exist due to fabrication tolerances and electrostatic coupling.
The latter occurs due to the behavior of the interdigitated
capacitors, i.e., when the floating element displaces in one
direction, the capacitive gaps on two sides of the element
will change while the capacitive overlap area will change
for the other sides. To minimize the electrostatic coupling,
the nominal overlap length is designed to be much larger than
the nominal gap distance, as the percent change in capacitance
will be much less for the secondary axis compared to the main
axis.
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Fig. 4. Process traveler of the 2D sensor with backside contacts.

In order to quantify the coupling between axes, a cross-axis
rejection ratio,

h)
S2.1 = 20log,, (S—;)

is defined. In (1), §; is the sensitivity of the on-axis direction,
i.e., the direction aligned with the flow, while §; is the
sensitivity of the off-axis direction during the same testing
run. The notation §;; signifies the response of the second
axis when the first axis is aligned with the flow.
Additionally, a pressure rejection ratio, Hp ;, defined by

s
Hp,=20log,, (ﬁ)

quantifies the response of an axis to normal pressure. In (2},
Sp.1 is the sensitivity of the first axis to pressure and §; is the
sensitivity of the same axis to wall shear stress. A pressure
rejection ratio is also found for the second axis.

Both the cross-axis rejection ratios and the pressure rejec-
tion ratios are used to compare the results of the previous work
with serpentine tethers to the current work featuring crab-leg
tethers. The ratios are also used to demonstrate the differences
in circuit topologies.

(1)

(2)

IT1. FABRICATION

The first dual-axis sensor fabricated by Barnard er al. [9]
had frontside wire bonds, limiting its use in certain flow
conditions due to disturbances caused by their protrusion
into the flow. Additionally, three photolithography steps were
required, making fabrication more time consuming and prone
to additional failures. The fabrication process presented here,
shown in Fig. 4, requires only two photolithography steps due
to its incorporation of backside wire bonds.

A silicon-on-insulator (SOI)} wafer with a device layer of
60 ym (boron-doped to a resistivity less than 0.005 Q-cm),
a buried-oxide layer (BOX) of 2 gm, and a handle layer
of 500 gm (boron-doped to a resistivity of 30 £2-cm) is chosen
and is depicted Fig. 4A. The first photolithography step, shown
in Fig. 4B, allows for a deep-reactive ion etch (DRIE) of the
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frontside features (the floating element, tethers, comb fingers,
etc.) into the device layer. A fast etch recipe is initially used
for the majority of the DRIE, followed by a second recipe
that minimizes footing near the BOX layer which impacts
tether compliance and sensor performance. Additionally, this
frontside mask is designed to create circular die that separate
after all etching steps, eliminating the need for a dicing saw.

The wafer is fipped over and attached to a carrier wafer
via Nitto-Denko 3195H 150°C thermal release tape, as shown
in Fig. 4C. This carrier wafer is required to protect the
frontside of the wafer during future steps and to provide
structural support once the device layer and handle layer are
etched. Care is taken during the application of the tape in order
to minimize air bubbles caught between the wafers, as these
air bubbles may cause thermal stresses that break the wafer
during the following etch.

The handle layer is etched in the DRIE in Fig. 4D,
where the patterning includes the backside of the floating
element (ultimately allowing for movement of the structure)
and six backside holes for wire bonding access to the four
fixed electrodes, the floating element, and the ground plane.
To separate the die, the heat tape is activated by placing the
carrier wafer on a 150°C plate for ten seconds. During this
process, the 2-micrometer BOX layer is broken, and the die
are separated by design.

Next, the exposed BOX layer must be removed to release
the floating element. This is performed via a 49% hydroflu-
oric (HF) acid vapor etch, where the devices are elevated
above the acid for 10 minutes. To remove any remnant HF
afterwards, a triple rinse in isopropyl alcohol is performed
prior to a carbon dioxide critical point dry.

After the BOX eich in Fig. 4F metal must be sputtered
into the backside holes for wire bonding during the packaging
process. An aluminum shadow mask is used to cover and
protect the exposed floating element, as shown in Fig. 5.
Within a Kurt Lesker sputterer, 500 nm of aluminum is
deposited into the six backside holes.

After backside metal deposition, a 100 nm silicon
nitride layer is deposited on the front of the devices via
plasma-enhanced chemical wvapor deposition (PECVD).
This coating serves as a moisture barrier and helps reduce
sensitivity to changes in humidity. Lastly, to ensure ohmic
contact between the sputtered metal and the backside of the
device layer, a contact anneal is performed in forming gas
(5% Haz in N2) for 30 seconds at 460°C using a rapid thermal
annealing system.

IV. PACKAGING

The packaging of the device, shown in Fig. 6, is novel in
that it incorporates backside wire bonds as opposed to through-
silicon-vias, which may be costly. The die is epoxied to a PCB
and wire bonded through the handle layer to the sputtered
metal on the backside of the device layer. An Omnetics Polar-
ized Nano connector is soldered to the board and interfaces
with a wire harness that feeds into a stainless-steel cylindrical
housing.

The interior of the housing contains another PCB that
features voltage amplifiers (used in the single-ended topology)
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Backside Holes for
Wire Bonding

Fg. 5.

Fig. 6. Full packaging schematic of the dual-axis wall shear stress sensor
with backside wire bonds.

or charge amplifiers (used in the fully-differential topology).
Locating this PCB close to the sensor head minimizes
signal degradation associated with the transmission of a
high-frequency, high-impedance signal. Also present on this
PCB are filtering capacitors used to reduce ripples in the
operational amplifier power supply lines.

The completed amplifier board is permanently placed
inside of the 15.9-mm outer diameter, 11-mm inner diameter,
stainless-sieel housing using an arbor press. The outer surface
of the housing features a 2-mm keyway to ensure proper
orientation of the sensor relative to the flow. Additionally,
the housing outer diameter reduces to 12.7 mm near the
sensing end to provide a mechanical hard stop for a repeatable,
flush installation. The multi-pin connector on the back of
the housing connects via a multi-conductor shielded cable
to a sensor conirol unit that houses the interfacing circuitry
and performs the SMOD/DMOD process [12]. The finished
package is shown in Fig. 7.

A scanning white light interferometer (SWLI) is used to
examine the roughness of the sensor head. Knowing the
flushness of the device determines the range of flow speeds
for which the assumption of hydraulic smoothness is valid.
The SWLI results in Fig. 8 and Fig. 9 show that the sensor
is flush to within 10 micrometers in the x-direction and to
within 200 micrometers in the y-direction. A slight tilt does
exist along the y-axis; however, these resulis are a significant
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Fig. 8. SWLI image of the sensor head.
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Fig. 9. Sensor topography profile along the x-axis (top) and y-axis (bottom).
The x-axis remains fush to within 10 gm while the v-axis is flush to within
20 pm with a slight til.

improvement compared to the work previously presented by
Freidkes et al. [10].

V. RESULTS

The dynamic calibration of the wall shear siress sensor is
performed within an acoustic plane wave tube, where sound
waves produce a frequency-dependent boundary layer [14].
To calibrate each axis and to guantify cross-axis sensitivities,
the device is rotated in increments of 45° so that the inci-
dent wall shear stress vector perturbs the floating element in
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Fig. 11. Sensitivity curve for the single-ended circuit topology at a sensor
orientation of 457,

different directions, causing associated capacitance changes.
Sensitivity curves are produced by increasing the sound pres-
sure level within the plane wave tube, as larger sound pressure
levels increase the wall shear stress acting on the sensor head.

Fig. 10 shows the calibration results at 1 kHz of the
single-ended voltage-amplifier topology for the 0° orientation,
where one axis is aligned with the flow (CHI1) and is the main
sensing direction and the second axis (CH2) is perpendicular
to the low and would ideally show zero output.

Fig. 11 shows the same calibration but for the case where
the sensor is oriented at a 45° angle. For these diagonal
calibrations, the response of the sensor should ideally be the
same for each axis, with a 180° phase difference between
the axes for the 135%/225° tests. This 180° phase offset is
represented by a negative sign in the sensitivity.

The calibration is repeated in increments of 45° for both
the single-ended and fully-differential interface circuitries at a
test frequency of | kHz. The resulis of both calibrations as a
function of sensor orientation are shown in Fig. 12.

To determine the sensitivity of the device to normal pres-
sure, the calibration is performed in a manner similar to that
of the shear stress testing, i.e., the sensor is placed in an
acoustic plane wave tube and the pressure is increased to
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Fig. 13. Pressure sensitivity curve for the single-ended circunt topology.

produce sensitivity curves. For this test, however, the sensor
is placed in the rigid end wall of the plane wave tube where it
is subjected to normal pressure sans tangential stresses [12].
Fig. 13 shows the calibration results using the single-ended
circuitry at an acoustic frequency of 1 kHz.

Finally, the noise floor of each axis was recorded in a
quiescent plane wave tube al a sampling frequency of 50 kHz
with 1 Hz bins. Utilizing the average dynamic sensitivity
at 1 kHz for each sensing axis, the noise floors are used
to determine the minimum detectable signal (MDS) versus
frequency. Shown in Fig. 14 for the single-ended and the
fully-differential schemes, all MDS versus frequency curves
show considerable flicker (1/f) noise.

The calibration results of the serpentine-based sensor from
Mills et al [12] are displayed in Table 1 while the resulis
corresponding to the crab-leg tethered device presented in
this work are shown in Table II. First, the sensitivities for
the current work are greater due to a larger floating element
(larger nominal capacitance) and a smaller primary capacitive
gap (3 um for this work compared to 3.5 gm for the
prior work). In response, the MDS for each configuration is
lower compared to the previous work.
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Fig. 14. MDS versus frequency of both axes for the two circuit topologies.

TABLE 1
PrEVIOUS CALIBRATION RESULTS [12]

Single= Fully=-

Ended Differential
Sensing Direction CH1 CH: CHI CH2
Shear stress sensilivity, 8 (mV/Pa) 715 755 424 687
Cross=-axis sensitivity, 5. (mV/Pa) 091 056 027 018
Crosg-axis rejection ratio, 5, (dB) 184 221 283 274
Pressure sensitivity, Sp (pV/Pa) 057 119 039 096
Pressure rejection ratio, S, (dB) 820  Te0  BOT O TIA
Moise floor, (W Hz") 037 136 070 040
Minimum detectable signal,
(mPa/Hz'") 0os 018 01 006

TABLE Il
CuUrRENT CALIBRATION RESULTS

Single- Fully-

Ended Differential
Sensing Direction CH1 CHz CHl CH2
Shear stress sensitivity, 5 (mV/Pa) 181 253 BO.D 587
Cross-axiz senzitivity, 5, (mV/Pa) 1.12 086 BA2 253
Cross-axis rejection ratio, S, (dB) 271 265 167 300
Pressure sensitivity, Se (pV/Pa) 355 358 422 686
Pressure rejection ratio, S, p({dB) 742 TIO BSe&  TRE
Nv:_rise floor, (uV/Hz'®) 046 047 183 071
Minimum detectable signal, 003 002 002 001

(mPa/Hz"")

Ideally, the sensitivities for each axis match but as shown
in Table II, there are differences in the results. For the
single-ended topology, the voltage biases applied to the static
electrodes may not be perfectly balanced, i.e., their amplitudes
may be different and therefore, the sensitivities will vary. For
the fully-differential circuitry, the multiple charge amplifiers
may present slicht phase offsets in the signals, which will alter
the outputs of the fully-differential amplifiers. Additionally,
the tilt shown in Fig. 9 may also be a factor [10].

The pressure rejection ratios have improved for the crab-
leg devices, as predicted, for the folly-differential topologies.
However, the single-ended circuilry does not show the same
trend. Future work will focus on fabricating and testing more
crab-lep devices to confirm this behavior or attribute it to
process variance.

V1. CONCLUSION

This paper reports the fabrication, packaging, and calibra-
tion results for a MEMS-based, capacitive, dual-axis wall
shear stress sensor. The fabrication process requires only two
photolithography steps and produces a 7-mm circular die that
is compatible in a flush-mount package. This novel package
takes advantage of backside wire bonds in order to remain
smooth to within 20 gm.

The work presented demonstrates significant progress in the
field of dual-axis wall shear stress sensing. The research and
development of this technology will enable the measurement
of complex, three-dimensional wall-bounded turbulent flows
and will contribute to the elucidation of the fundamental
mechanisms governing unsteady skin friction [6].

Future work looks to continue improving the circuitry asso-
ciated with each topology. Specifically, the fully-differential
configuration has yielded higher sensitivities and lower MDS
compared to the single-ended topology, so care will be taken
to improve the balancing of this scheme and the circuit
components present within it. Environmental testing will be
performed to determine temperature and humidity sensitivities
as well. Lastly, the target resonance of 3.7 kHz for this sensor
will be experimentally verified in a wind unnel environment.
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